Purpose. The plasmid-mediated mcr-1 gene conferring colistin resistance has a strong ability to spread. The objective of this study was to establish a rapid and sensitive recombinase polymerase amplification (RPA) method for plasmid-mediated polymyxin-resistant gene mcr-1 detection.
INTRODUCTION
Microbiological bacteria appeared earlier than humans and follow the laws of nature in their long-term evolution [1] . With the emergence of antibiotics, bacteria continue to evolve through the development of resistance to antibiotics, allowing them to continue to survive. The relationship between bacterial resistance and antibiotics is actually a 'game' [2] . Polymyxin is a polycation antibacterial polypeptiden with surface activity that has an antibacterial effect on the vast majority of Gram-negative bacteria. Polymyxin was regarded as a last-line antibiotic to treat infections caused by multidrug-resistant Gram-negative bacteria [3] . Polymyxin resistance caused by chromosomal mutations could not be transferred horizontally between different bacteria, while Liu and colleagues found plasmid-encoded polymyxin resistance that can be transmitted by horizontal transfer in China in 2015 [4] . The report demonstrated that the IncI2-type pHNSHP45 plasmid-mediated mcr-1 gene which encodes the modification of cell membrane lipid A produces polymyxin resistance [4] . The plasmid is easy to transfer and exchanges genetic material between different strains, which means that the mcr-1 gene will transfer with the plasmid. Ultimately, when the mcr-1 transfers into other drugresistant bacteria, then the bacteria will become 'super bacteria'.
The high frequency of colistin resistance and the mcr-1 gene among Escherichia coli isolates from food animals in China emphasizes the need to minimize the potential risks of colistin resistance development and the spread of the mcr-1 gene [5] . The spread of the mcr-1 gene has caused public health concerns. Therefore, it is urgent to establish a rapid detection method for the detection of the mcr-1 gene.
A novel isothermal amplification approach that employs recombinase polymerase amplification (RPA) has been demonstrated [6] . This method has a number of advantages. RPA can be performed in less than 30 min at body temperature [7] . RPA technology not only does not depend on precision thermal cycling instruments, but also has the advantages of fast response, simple operation, high specificity and high sensitivity [6] . This technology has been reported in food safety, biological detection, in vitro diagnostics and other fields [6] [7] [8] [9] . What iss more, RPA has been reported in the detection of drug-resistance genes [10] , such as tetracycline [11] and quinolone resistance genes [12] .
To date, there have been no reports on the detection of the polymyxin-resistant gene mcr-1 by RPA technology. Some researchers have used SYBR Green-based real-time quantitative PCR (qPCR) and TaqMan probe real-time qPCR to detect the mcr-1 gene [13, 14] . In this study, we aimed to establish a rapid and sensitive method for the detection of the mcr-1 gene. We used basic recombinase polymerase amplification (B-RPA) and recombinase polymerase amplification with lateral flow (LF-RPA) to detect a specific fragment of the mcr-1 gene.
METHODS
Bacterial strains and DNA extraction Twenty-three different genomic DNA were extracted from 20 mcr-1-positive strains (four Salmonella Typhimurium, four Salmonella Typhi, eight E. coli and four Klebsiella pneumoniae, harbouring different types of mcr-1-positive plasmids, IncI2, IncHI2, IncX4 and IncP) and 3 mcr-1-negative strains (one S. Typhi, one E. coli and one K. pneumoniae) following the Wizard Genomic DNA Purification kit manual (Promega, USA) and then stored at À20 C for subsequent experiments.
Primer and probe design
In this study, a specific segment of mcr-1 sequence (GenBank no. KP347127) up to 380 bp was selected to be a target. Suitable primers were designed by Clone Manager 8 ( Table 1 ). The LF-RPA reaction needs primers and a probe. We needed to ensure that the primers and the probe were labelled with biotin and fluorescent groups. In this study, we labelled the biotin at the 5¢end of the reverse primer, while the 5¢end of the probe was labelled with the fluorescent group FAM. The 3¢end of the probe was modified with the biotin C3Spacer. The inside of the probe was modified with THF or dSpacer ( Table 1) .
Establishment of the mcr-1 gene B-RPA assay In our study, three mcr-1-positive DNA samples (one S. Typhi, one E. coli and one K. pneumoniae) and one mcr-1-negative DNA sample were used to verify the feasibility of the B-RPA primers. The reaction was detected by agarose gel electrophoresis, which was based on the TwistAmp Basic kit reaction system shown in Table 2 . The B-RPA reaction system was well mixed and incubated at body temperature for 30 min and stopped on ice. After the end of B-RPA reaction, the amplicons were extracted by phenol/chloroform solution or purified following an amplicon purification kit manual. The results were observed in an ultraviolet gel imager imaging system.
Establishment of the mcr-1 gene LF-RPA assay
The LF-RPA was based on the TwistAmp Nfo kit reaction system. The RPA reaction mixtures are shown in Table 2 . The samples were incubated as previously described. The LF-RPA amplification products were diluted at 1 : 50 with running buffer provided by the kit and then carried on in a downstream operation. Within 5-10 min, the products of LF-RPA were visualized by using Hybridetect 2T dipsticks, which can be observed directly by the naked eye. If the test strips showed two purple bands at both the test line and the quality control line, the sample was positive and contained the polymyxin resistance gene mcr-1; if the test strips only showed purple at the control line, this indicated that the Table 1 . Primer sequences used for RPA and Real-time PCR assay in this study
Assays
Primer sequence B-RPA (this study) Forward: 5¢-AAGCCGAGACCAAGGATCTATTAAACGCAG-3¢
Reverse: 5¢-CACTAGGCGTGGCTTACGCATATCAGGCTT-3¢
LF-RPA (this study) Forward: 5¢-AAGCCGAGACCAAGGATCTATTAAACGCAG-3¢
Reverse: 5¢-biotin-CTAGGCGTGGCTTACGCATATCAGGCTT-3¢
TaqMan probe [17] Forward: 5¢-TCggCTTTgTgCTgACgAT-3¢
Reverse: 5¢-AAATCAACACAggCTTTAgCACATA-3¢
Real-time PCR assay [13] Forward: 5¢-ACGCCATCTGCAACACCAA-3¢
Reverse: 5¢-GCCAACGAGCATACCGACAT-3¢
PCR [4] Forward: 5¢-CGGTCAGTCCGTTTGTTC-3¢
Reverse: 5¢-CTTGGTCGGTCTGTAGGG-3¢ sample was negative; and if the test strip did not show a purple band at all, then the experimental results were invalid.
Specificity analysis for B-RPA and LF-RPA Twenty mcr-1-positive strains (Table 3) were detected by B-RPA and LF-RPA for specificity evaluation. Three DNA samples without mcr-1 were used as negative controls. The RPA reaction system is described in Table 2 .
Sensitivity analysis for B-RPA and LF-RPA One of the mcr-1-positive DNA samples was chosen as a standard template. The diluted DNA was prepared by serial 10-fold dilutions to give concentrations ranging from 100 ng µl À1 to 1 fg l
À1
. These diluted DNA containing mcr-1 were used for the sensitivity analysis for B-RPA and LF-RPA. Finally, 1 µl of each diluted DNA sample was added to each RPA reaction system, and these were incubated for 30 min at body temperature (37 C).
Comparison of RPA with PCR and real-time qPCR
We compared the performance of the PCR, real-time PCR and RPA. The primers for the PCR, the TaqMan probe realtime qPCR and the SYBR Green-based real-time PCR for the detection of the mcr-1 gene are shown in Table 1 . Twenty mcr-1-positive and 3 mcr-1-negative DNA samples were used to evaluate the specificity of different assays, and the serial 10-fold dilutions of the mcr-1-positive DNA sample (from 100 ng to 1 fg) were used to evaluate the sensitivity.
RESULTS AND DISCUSSION
Establishment of the mcr-1 gene B-RPA assay The results for the feasibility verification for B-RPA showed that the positive detection rate for the three mcr-1-positive DNA samples was 100 %, while the mcr-1-negative DNA sample was detected as negative. These results indicated that the primers for the B-RPA could be used to test DNA samples from different genus strains harbouring the mcr-1 gene (Fig. 1) .
Establishment of the mcr-1 gene LF-RPA assay
The results for the feasibility verification for LF-RPA showed that the strips for all 20 mcr-1-positive DNA samples had purple bands at both the test line and the quality control line, which showed that all 20 DNA samples harbouring mcr-1 had tested positive. The strips for the three mcr-1-negative DNA samples were only purple at the control line (Fig. 2) . These results indicated that the primers and the probe for the LF-RPA were equally suitable to test for the mcr-1 gene from different genus isolates.
Specificity of the B-RPA and LF-RPA assays
For specificity evaluation, in the 23 DNA samples, the 20 mcr-1-positive DNA samples all tested positive (100 %) and the 3 samples without mcr-1 all tested negative by B-RPA (100 %). The results for the LF-RPA assay were consistent with those for the B-RPA assay. In addition, the mcr-1-positive detection rates for the PCR and real-time qPCR were also 100 % (Fig. 2) , which was consistent with the B-RPA and LF-RPA. Therefore, both the B-RPA and the LF-RPA assays are very useful methods to detect the mcr-1 gene.
Sensitivity of the B-RPA and LF-RPA assays
The sensitivity of the B-RPA and LF-RPA assays was tested. Cross-amplification was not found in this study. DNA is detected when its quantity in the RPA reaction is as low as 100 fg. The results for the sensitivity of the B-RPA and LF-RPA assays are shown in Figs 1 and 3 , respectively, and these demonstrate that the B-RPA and LF-RPA assays had the same detection limit.
Comparison and evaluation of RPA with real-time PCR In the 23 DNA samples, the 20 mcr-1-positive DNA samples tested positive and the 3 samples without mcr-1 tested negative by real-time PCR, which was consistent with the results from the RPA assay. These results indicated that the RPA assay had the same specificity as the real-time PCR assay in detecting mcr-1. The sensitivity of the TaqMan real-time qPCR was tested using serial 10-fold dilutions of the mcr-1-positive sample. The calibration curve was linear from 100 ng to 1 fg, corresponding to 13.14-31.88 Ct. The detection limit of the TaqMan real-time qPCR was 10 pg, corresponding to 27 Ct (Fig. 3) . The detection limit of the RPA assay was 100 fg (Fig. 1 ), meaning that it was 100 times more sensitive than the TaqMan probe real-time qPCR. A previous study developed a real-time PCR assay with the TaqMan probe for the rapid detection of plasmid-mediated mcr-1 in 2016. The detection limit of the TaqMan real-time PCR was 10 À1 DNA copies [14] . In addition, a SYBR Greenbased real-time PCR method for improved detection of mcr-1-mediated colistin resistance in human stool samples has also been reported, and this method exhibited a LOD of 10 genomic copies/reaction [13] . The detection limit of the LAMP assay for the mcr-1 gene was 0.2 pg µl À1 [15] , which was less sensitive than the RPA. Compared with real-time PCR, RPA not only has the same high specificity as real-time PCR, but it also has more advantages, including simple operation and high sensitivity. Further, RPA reactions can be accomplished in 30 min, while real-time PCR needs 54 min and the LAMP method needs 60 min [15] , indicating that RPA is the rapidest. More importantly, RPA has no need for expensive thermal cycling instruments. It is conducive to a wide range of applications in remote areas.
The polymyxin resistance gene mcr-1 has a high prevalence rate in food animals, and has attracted the attention of many researchers and been the subject of many related reports [4, 16, 17] . Comprehensive data for mcr-1 isolates from livestock and food in Germany from 2010 to 2015 have been presented. Ten thousand six hundred E. coli isolates from zoonotic agents were screened for phenotypic colistin resistance. Of these, a total of 402 isolates harboured the mcr-1 gene. The highest prevalence rate for the mcr-1 gene was detected in the turkey food chain (10.7 %), followed by broilers (5.6 %). The overall detection rate for mcr-1 among all E. coli isolates tested in poultry production chains was 3.8 % [18] . From 2007 to 2014, 4438 E. coli isolates from food animals were collected in China. There was a high frequency of colistin resistance in E. coli from pigs on farms (24.1 %) and at slaughter (24.3 %) in 2013 to 2014, followed by chickens on farms (14.0 %) and at slaughter (9.5 %). Among them, 91.0 % of colistin-resistant isolates were positive for mcr-1 [5] . Thus it is urgent to improve the detection of the mcr-1 gene. A new method involving the application of B-RPA and LF-RPA for the detection of the mcr-1 gene was successfully established in this study. Both the B-RPA and the LF-RPA reaction were well suited for mcr-1 detection.
Conclusions
B-RPA and RF-RPA detection assays based on the mcr-1 gene were established and successfully applied in our study. Using RPA detection might be a trend for DNA detection in food safety contexts in endemic regions. The plasmidmediated mcr-1 gene has colistin resistance characteristics and has a strong ability to spread. A majority of colistinresistant microbiological bacteria isolated from food animals were positive for mcr-1. In this study, we established a method for the detection of mcr-1 using RPA. A successful RPA reaction with high specificity and sensitivity could be accomplished in a short time at body temperature without any additional equipment, providing an attractive method for mcr-1 detection. In conclusion, the RPA assay was found to be a sensitive, specific, rapid and simple method for the detection of the mcr-1 gene. 
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